Activation-induced cell death (AICD) of immune cells is widely believed to be crucial for the regulation of immune responses. Although macrophage apoptosis has been observed under a variety of pathological conditions, questions as to whether there is AICD of macrophages and how macrophage life span is regulated have not been well addressed. AICD in macrophages requires two signals. One is cell activation triggered by LPS or other bacterial components. The other is an event that exists in AICD-susceptible (primed) but not unsusceptible (resting) macrophages. Here we show that RAW264.7 cell is susceptible to LPS stimulation when it is primed with Salmonella typhimurium, type 5 adenovirus (Ad5) or IFN-g. We found that the stability of the transcription factor MEF2C is increased in primed RAW264.7 cell. Transfection of a dominant negative form of MEF2C protects primed macrophage from cell death triggered by LPS. Our data demonstrate that the increase of MEF2C protein stability is a key factor in the AICD of macrophage.
Introduction
Apoptosis of immune cells including macrophages has been found to occur in inflammatory diseases [1] [2] [3] [4] [5] . Apoptosis of activated macrophages may serve to restrict and focus the immune response, but it may also reduce the host defenses against infectious pathogens or contribute to immune suppression. Although our understanding of apoptosis has greatly improved in recent years, apoptosis of activated macrophages has been ill addressed in comparison with the apoptosis of lymphocytes [6] [7] [8] . In immune cells, apoptosis usually occurs by a particular way called activation induced cell death (AICD) [6] [7] [8] .
Macrophages are long-lived cells when they are in a resting stage. It has been suggested that the lifespan of macrophages in inflammation sites was extended by survival factors such as apoptosis inhibitor and nerve growth factor secreted by macrophages or other cells [9, 10] . On the other hand, macrophage death has been observed in many inflammatory diseases [1] [2] [3] [4] [5] . Macrophage death could result from different causes. Phagocytosis of infected microorganisms by macrophages is part of the host response to infection. However, some virulent bacteria are able to evade killing by macrophages and actually induce macrophage death. It is known that the mechanism of macrophage death induced by different pathogens varies [11] [12] [13] [14] . Bacterial endotoxin (lipopolysaccharide; LPS) is a complex glycolipid found in the outer membrane of all gram-negative bacteria, and is believed to play a crucial role in induced cellular responses to gram-negative bacteria. The effect of LPS on macrophage cell death has been widely studied. LPS can induce cell death of a number of macrophages that have been primed by exposure to viruses, such as bovine herpes virus-1 [15, 16] , or cytokines, such as interferon-γ (IFN-γ). IFN-γ is induced in virusstimulated cells, which could promote macrophage cell death [16] [17] [18] . It is also known that macrophages primed with proinflammatory cytokines holds the ability to eliminate highly resistant microorganisms [19] . However, IFN-γ primed macrophages could be dangerous because activated macrophages after priming could damage the local tissues when they are out of control.
IFN-γ is clearly not the only factor that can prime macrophages to become sensitive to LPS-induced cell killing [17, 20] . For example, LPS was reported to cause cell death of conA or IFN-γ primed macrophages and to enhance cell death induced by the Yersinia baccillus [17, 20, 21] . Intriguingly, it was found that zVAD and boc-D, pan-caspase inhibitors that inhibit apoptosis in many different cells, not only had no inhibitory effect on LPS-induced apoptosis in INF-γ primed macrophages but also by themselves induced susceptibility to LPS-induced cell death in macrophages [22] . As zVAD treatment can prime macrophages for LPSinduced cell death, a previous study by Kim et al. utilized this model system to investigate the underlying molecular mechanisms [22] . They showed that induction of the orphan nuclear receptor Nur77 is a key event. Induction of Nur77 was found to correlate with macrophage AICD; and Nur77 deficient macrophages were insensitive to zVAD priming. Further analysis implicated a critical role of the MEF family of transcription factors, which are involved in apoptosis in several cell lines including macrophages [22, 28, 29] . Kim et al. showed that zVAD treatment increased the protein stability of MEFs, which could then bind to the Nur77 promoter and are presumably required for induction of Nur77 during macrophage death [22] . The study by Kim et al. strongly suggests that cell death in zVAD primed macrophages involves the MEF/Nur77 pathway; however, it remains to be determined whether a similar mechanism also applies to macrophage death under pathological conditions. We thus explored this issue and report here that the transcription factor MEF2C is a key player mediating LPS-induced cell death in macrophages primed either by pathogens or by INF-γ.
Materials and Methods
Cell culture and treatments RAW 264.7 cells were maintained in RPMI1640 medium supplemented with 10%FBS. For the induction of cell death, 5×10 5 cells/well were seeded into 12-well plate and cultured at 37 o C for 24 h in the presence or absence of other reagents. Cell viability was analyzed under a microscope, or determined using propidium iodide (PI) exclusion 24 h after LPS addition.
Total cell lysate preparation and western blot analysis
Cells were lysed using the lysis buffer (20mM Tris, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1mM Na3VO4, 2 mM EDTA, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride). Lysate was centrifuged 20 000×g, 10 min at 4 o C. The supernatant was collected as total cellular proteins. For the preparation of nuclear protein, cells were resuspended in Buffer A (10 mM HEPES-KOH, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 0.2 mM PMSF, 0.5 mM Leupeptin, pH 7.9) and incubated on ice for 10min. Lysate was centrifuged at 5 000×g for 10 min at 4 o C. The pellet was subsequently resuspended in Buffer B (20 mM HEPES-KOH, 25% Glycerol, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2mM PMSF, 0.5mM Leupeptin, pH 7.9) and incubated on ice for 30 min. The supernatant as nuclear proteins were collected by centrifugation at 10 000×g for 10 min at 4 o C. Antibody for MEF2C were purchased from Santa Cruz Biotechnology, Inc. and western blot assay was performed by standard protocol.
Electrophoretic mobility shift assay (EMSA)
Nuclear exact of RAW264.7 cell were incubated with the doublestranded, 32P-labeled oligonucleotide probe containing an MEF2 binding site, as previously described [23] .
RNase protection assay
Total RNA was isolated using TRIzol (Life Technologies, Gaithersburg, MS). RiboQuant® Multi-Probe RNase Protection Assay System (PharMingen) was used for RPA. Briefly, 32P-Labeled antisense riboprobes for MEF2C corresponding to the sequence 404-695 were generated from the linearized plasmid using T7 RNA polymerase. Labeled probe and 10 μg of RNA were incubated in hybridization buffer overnight at 56 o C before digestion with T1 RNase for 45min at 30 o C. Protected fragments were dissolved in RNA loading buffer and subjected to electrophoresis on a 4.75% polyacrylamide-urea gel. Gels were dried on Whatman filter paper and then exposed to autoradiograph film overnight. Each template set includes probes for GAPDH, which serve as internal standard to verify equal loading between sample lanes.
Crystal violet assay
After incubation, cells were fixed by addition of 1% glutaraldehyde. They were washed, dried, and stained with crystal violet (0.5%; in methanol:water, 20:80%). Unfixed crystal violet was removed by washing four times, and then the plates were re-dried. Finally, the adherent crystal violet in each well was solubilized with 1% SDS, and the absorbance units were simultaneously determined (96-well microtiter plate reader; 600-nm filter; n = 3). To validate the crystal violet method for assessing cell numbers, a 96-well plate was seeded with serial cell dilutions (n = 6 for each concentration). The plates were cultured for 24 h, and then crystal violet staining was performed.
Results

LPS induces cell death in primed macrophages
It has been documented that stimulation of resting macrophages by bacterial components such as LPS does not cause cell death. However, LPS activation of macrophages primed with con A, IFN-γ, IFN-γ, bovine viral diarrhea virus, or herpesvirus-1 causes macrophage apoptosis [15] [16] [17] [18] 20] . We examined the effect of LPS on the viability of macrophages primed with Salmonella typhimurium (MOI of 5:1) or type 5 adenovirus (Ad5) (MOI of 10:1). Treatment of macrophages with bacteria or virus did not affect the viability of the cells though some morphological changes were observed ( Figure 1A , top panels). Stimula-
npg tion with LPS for 24 h induced the death of these primed macrophages ( Figure 1A , lower panels and 1B). As controls, cells were primed with IFN-γ or LPS. Subsequent LPS challenge induced cell death in IFN-γ primed cultures, but not in LPS-primed cultures. Treatment with vZAD and other caspase inhibitors including zYVAD, zDEVD and zLEHD did not protect cell death. On the contrary, zVAD enhance the cell death slightly (Figure1B). Consistent with earlier reports [22] , we also found that zVAD treatment could prime macrophages for subsequent cell death induced by LPS ( Figure 1B ).
MEF2C is activated in primed macrophages
It is clear that macrophages undergo many different cellular changes in response to different stimuli such as S. typhimurium, adenovirus, IFN-γ, or zVAD. As shown in Figure  1 , the morphological changes are readily distinguishable; cell spreading was seen in S. typhimurium or adenovirus treated cells but there was no apparent change in IFN-γ treated cells.
Treatment of macrophages with zVAD did not cause any morphological change of these cells [20] . We examined the expression of a number of different genes including p53 and Rb that may be related to cell death and cell differentiation in RAW264.7 cells. We found that the level of one gene product, MEF2C, was dramatically increased in cells that were primed with S. typhimurium, adenovirus, or IFN-γ ( Figure  2A) . Treatment of the cells with zVAD also dramatically increased MEF2C protein level (Figure 2A) . LPS stimulation did not have any effect on MEF2C expression. The increase of MEF2C protein was correlated with increased MEF2 activity, as measured by electrophoretic mobility shift assay ( Figure 2B ). Since the quantity of MEF2C protein was dramatically increased in the cells that are sensitive to LPS-induced cell death, MEF2C protein may be a hallmark of the AICD-susceptible state in macrophages.
MEF2C is increased by protein stabilization
MEF2C is a transcription factor that was originally 
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npg identified as a gene specifically expressed in differentiated muscle and brain. It has been reported that its mRNA is also expressed in macrophages [24] . Although the mRNA of MEF2C in macrophages was easily detectable [24] , the protein level was barely detectable at rest stage ( Figure  2A) , suggesting either the MEF2C translation rate is very low or the MEF2C protein is unstable in resting macrophages. We measured MEF2C mRNA from resting and AICD-susceptible cells induced by different stimuli. As shown in Figure 3A , the MEF2C mRNA level was about the same in AICD-susceptible and -unsusceptible cells, indicating that the up-regulation of MEF2C protein in AICD-susceptible cells was not controlled by transcription and mRNA stability. To determine whether MEF2C protein was expressed and then quickly degraded, we treated cells with the proteasome inhibitor, MG132. A rapid increase of MEF2C protein was found ( Figure 3B and 3C), indicating that protein stability is a key factor controlling MEF2C protein level in macrophages. A rapid increase of MEF2C protein was also observed in zVADtreated cells ( Figure 3C ). The kinetics of MEF2C protein induction was about the same in cells treated with MG132 and zVAD ( Figure 3C ).
MEF2 activity is required for LPS-induced macrophage death
To examine whether increased level of MEF2C activity is required for macrophages to be susceptible to LPS-induced killing, we made a stable line from RAW 264.7 cells in which a dominant negative form of MEF2C (MEF2C-R24L) [25] was expressed. As shown in Fig. 4 , the MEF2C-R24L transfected cells were resistant to AICD induced by LPS in comparison with vector-transfected cells. Thus, MEF2 activity is required for RAW cells to develop into the AICD-susceptible state. 
Discussion
MEF2C is a member of the MEF2 transcription factor family. Although MEF2C is known as a myogenic factor in muscle, it was also found in brain and macrophage [24, 26, 27] . It has been shown to be involved in neuron and macrophage apoptosis [22, 28, 29] . A previous study by Kim et al. showed that LPS induces caspase independent cell death in zVAD primed macrophages, and that an important functional consequence of zVAD priming is the stabilization of MEF transcription factors (Figure1B) [22] . We show here that macrophages primed with Salmonella typhimurium, type 5 adenovirus (Ad5) or IFN-γ are susceptible to LPS treatment. Priming of RAW264.7 cell alone or LPS treatment alone does not result in cell death (Figure 1 and 4) . Cell death only occurs under the combined conditions of priming and LPS. The administration of LPS is given 24 h (2 h for zVAD) after cells are primed ( Figure  1 ). The priming time of S. typhimurium and adenovirus can be as short as 12 h (data not shown). IFN-γ can be added at the same time as LPS to induce cell killing. These data are consistent with results reported by others using IFN or virus primed cells [15-18, 20, 21] .
MEF2C seems to be a hallmark of the AICD-susceptible state of macrophages. We have tested the products of many genes that could be related to AICD (data not shown). MEF2C shows a predominant change in its activity and protein level when RAW264.7 cells are primed with either zVAD, Salmonella typhimurium, type 5 adenovirus (Ad5) or IFN-γ (Figure 2 ). LPS alone has little effect on MEF2C protein level or activity. The mRNA of MEF2C remains unchanged during priming ( Figure 3A) . The increase of MEF2C protein and its activity result from the increase of protein stability ( Figure 3B and 3C) . These results are consistent with others [22] . Therefore, protein stability is a key factor controlling MEF2C protein level in macrophages primed with pathogenic components. Protein stability could be regulated by proteasome and/or caspase-like activities. It is unlikely that the increase of MEF2C protein level by zVAD treatment is due to the regulation by a caspase-like activity, because zVAD and other used compounds are all potent inhibitors of caspases, while only zVAD is capable of priming (Figure 2) . We find that inhibition of proteasome by its inhibitor, MG132 leads to an increase of MEF2C protein (Figure 3 ), indicating that proteasome activity could be the main factor involved in the modification of MEF2C protein stability. It is possible that zVAD may also regulate proteasome activity besides its inhibitory effect on caspases. It was reported that MG-132 prevents IκB degradation at very low concentrations [30] . The IC50 for inhibition of Suc-LLVY-AMC and Z-LLL-AMC cleaving activities of proteasome is 0.85 and 0.1 μM respectively [31] . However, high doses of 40 or 50 μM have also been used to ensure blockage of the degradation of IκB [32] [33] [34] . In our experiments, the MEF2C stabilization is observed only with high (50-100 μg/ml) but not with lower concentrations of MG-132 (data not shown). The range of the concentration used in our experiments has also been reported by others [35] . One possibility is that effective concentrations of MG132 are variable depending on the cell types. It could not be excluded that different concentrations of the proteasome inhibitor may produce side effects other than inhibiting proteasome activity alone. However, it is beyond the scope of this study.
Overexpression of a dominant negative form of ME-F2C protects against cell death in primed macrophages (Figure 4 ). It suggests that MEF2C has a major role in AICD. We have also transfected RAW 264.7 cells with wild type MEF2C. We did not see a difference between transfected and non-transfected cells in terms of sensitivity to LPS-induced cell death (data not shown). It is possible that MEF2C by itself is not sufficient to convert RAW 264.7 cells to the AICD-susceptible state. Kim et al has demonstrated that LPS induced apoptosis in zVAD primed macrophage requires Nur77 [22] . Although Nur77 induction requires the MEF family, either LPS or zVAD alone is not sufficient to induce the expression of Nur77 [22] . They also showed that zVAD induces MEF2A, C and D protein levels by blocking their degradation, which is MEF2C mediates AICD 564 npg consistent with our result that MEF2C level is increased in the presence of the proteasome inhibitor MG-132 ( Figure  3 ). Our results suggest that MEF2C is required to mediate macrophage AICD. However, it is not sufficient to induce macrophage AICD by itself. The molecular mechanism of AICD in zVAD primed macrophages has been well studied by Kim et al. [22] . They demonstrate that dual signaling pathways are involved in macrophage AICD. However, as zVAD is not a pathological stimulus, the relevance of their cell death model to in vivo situations remains to be determined. Here we have used several priming agents including S. typh, Ad5 and IFN-γ, which all represent bona fide pathologic components. Our data suggest that LPSinduced cell death in macrophages primed by pathologic agents and by the artificial agent zVAD may share similar mechanisms, and that the stability of MEF2C plays a key role in macrophage AICD.
